A hybrid polymer-nanorod (NR) light-emitting diode (LED), consisting of a hole-conducting polymer poly (9-vinyl carbazole) (PVK) and ZnO nanorod (NR) composite, with the device structure of glass/indium-tin-oxide (ITO)/PEDOT:PSS/(PVK + ZnO nanorods)/Al is fabricated through a simple spin coating technique. TEM images shows inhomogeneous deposition and the agglomeration of ZnO NRs, which is explained through their low probability of adsorption on PVK due to two-dimensional structural property. In the current-voltage characteristics, negative differential resistance (NDR) phenomenon is observed corresponding to device structure without ZnO NRs. The carrier transport behavior in the LED device is well described by both ohmic and space-chargelimited-current (SCLC) mechanisms. Broad blue electroluminescence (EL) consisting of two sub peaks, are centered at 441 nm and the other at 495 nm, is observed, which indicates that the ZnO nanorod play a role as a recombination center for excitons. The red shift in the position of the EL compared to that photoluminescence is well explained through band offsets at the heterojunction between the PVK and ZnO NRs.
I. INTRODUCTION
The advantages of hybird device based on organicinorganic materials are due to the diversity of organic materials and the high performance electronic and optical properties stem from the inorganic materials [1] [2] [3] . Low-dimensional inorganic nano-structured materials, as one of the component materials for such hybrid devices, have attracted great interest these days because of their unique physical and chemical properties [4] [5] [6] [7] . Ease of synthesis and precise dimensional control of the inorganic semiconductors along with proper integration into the organic component are the major challenges for the successful fabrication of these hybrid devices.
Various nano-structured inorganic semiconducting materials have been explored for making hybrid lightemitting diodes, but most studies have focused on inorganic nanocrystal (NC)-polymer based devices with quantum dots embedded in a polymer matrix [1] [2] [3] .
Among these materials, ZnO with a direct band gap of 3.37 eV and a large exciton binding energy of 60 meV at room temperature [8] has been widely investigated for potential applications in ultraviolet nanolaser sources [9], gas sensors [10], solar cells [11] , and field emission display devices [12] . In the past years, various methods such as hydrothermal [13] , metalorganic chemical-vapor deposition [14] , and physical vapor deposition have been adopted to synthesize ZnO nanostructures [15] . Recently, the development of LED devices using hybrid organic materials with synthesized ZnO nanocrystals has been the subject of many studies [16, 17] . Although a few electroluminescent devices based on an inorganic ZnO nanocrystal/organic heterostructure have been reported [17] [18] [19] [20] [21] , studies on electroluminescent device consisting of an hybrid inorganic/organic nanocomposite heterostructure using ZnO nanorods with a simple chemical method of preparation are scarce.
In this work, two-dimensional ZnO nanorods (NRs) were used, as exciton recombination centers to fabricate inorganic-polymer hybrid LEDs by a simple spin-coating technique. The microstructure, carrier transport be-havior, photoluminescence (PL) and electroluminescence (EL) of the device were studied in detail.
II. EXPERIMENTS
We adopted a simple chemical method to prepare ZnO nanorods and a spin-coating method to deposit an organic-inorganic composite film for the developed EL devices. Patterned ITO glass, supplied by Sunic System, was used as a substrate, and routine chemical cleaning procedure including ultra-sonification in a detergent (trichloroethylene, acetone, and methanol solution) and rinsing with deionized water, was adopted. The ZnO nanorods were preapared as follows. An aqueous solution of 0.5 M Zn(NO 3 ) 2 was mixed with an excessive amount of 2 M (NH 4 ) 2 CO 3 solution. The reaction produced an amorphous powder of zinc carbonate hydroxide, Zn 2 (OH) 2 CO 3 * xH 2 O (ZCH), composed of 50nm diameter nanofibers [22] . A mixture of ZCH with NaCl or NaCl-Li 2 CO 3 was milled for 12 − 24 h in a Pulverisette 5 (Fritsch) planetary mill at 700 rpm in a Zr jar with Zr balls. ZnO nanorods (NRs) were grown from the asprepared powder mixture, with a 0.5 g ZCH/10 g NaCl or a 0.5 g ZCH/9 g NaCl/1 g Li 2 CO 3 weight ratio, in an alumina crucible and subjected to heat treatment in a muffle furnace in air at 600 − 700
• C for 1 − 6 h. Other experimental procedures are well described elsewhere [23] . These ZnO NRs were used for the fabrication of the LED device.
As a hole transport layer (HTL), a solution prepared by dissolving the ZnO NRs (0.05 wt%) and PVK (1 wt%) in toluene was spun onto a pre-deposited conducting polymer poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-DOT:PSS) film on an Indium-Tin-Oxide(ITO) /glass substrate acting as a hole injection layer (HIL). Subsequently the film was annealed at 90
• C for 10 minutes to remove the solvent, and showed a sheet resistance of about 15 Ω/square. Finally, as a top cathode, Al layer of 200 nm in thickness, was deposited through a shadow mask by thermal evaporation. For the measurement of the photoluminescence, a He-Cd laser (λ = 325 nm) was used as an excitation source. Electroluminescence was measured by using a monochromator (Model: DM500) and a photomultiplier (Model: PDS-1) attached to the PL equipment. A current-voltage (I-V) characteristic curve was obtained by using a HP 4284A precision LCR meter at room temperature. A transmission electron microscope (TEM) (Model: STEM/TEM (CM30)) at a acceleration voltage 200 kV was used to investigate the microstructural distribution of ZnO semiconductor NRs in the hybrid polymer -NR composite. 
III. RESULTS AND DISCUSSION
Figure 1(a) illustrates the schematic structure of the hybrid LED with a ZnO NR-PVK polymer structure. Figure 1(b) shows a plane-view bright-field TEM image of the prepared ZnO NRs. The image shows ZnO NRs of about 10 nm in diameter and about 10 ∼ 100 nm in length. Figure 1(c) shows a TEM image of ZnO NRs dispersed in PVK. A careful investigation of Fig. 1(c) , show that ZnO NRs are apparently agglomerated, connecting one another, and appear to be distributed non-uniformly throughout the PVK layer. The TEM observation also indicates that the ZnO NRs and the PVK polymer are not mixed together but are separated into two layers. This result is quite different from that previously reported for a CdSe/ZnS-PVK polymer hybrid structure, where core-shell-type CdSe/ZnS NPs were uniformly ad-
